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A numerical study of three-dimensional heat transfer and fluid flow in a moving gas
tungsten are welding (GTAW) process is performed by considering nonaxisymmetric
boundary conditions. The current density distribution and the resultingLorentz force field
are evaluated by numerically solving MaxweU's equtJJions in the domain of the workpiece.
The numerical modeling of the melting/ solidification process is done by appropriately
applying the enthalpy-porosity approach to the GTAW process. Numericat computationsof
the heat transfer and flow characteristics are carried out by including the effects of
buoyancy, surface tension, and electromagnetic forces. The weld-pool dynamics is found to
be strongly dependenton the relative locationsof the clampand electrode.
INTRODUCTION
Fusion-joining processes are currently used for the fabrication of an extensive
range of structures such as automobile frames, ships, submarines, aircraft, build-
ings, and bridges. In all such processes, the pieces to be joined are locally melted
with an intense energy source such as an electric arc, laser, or plasma torch,
followed by a solidification phase, as the heat source is moved away. The mechani-
cal strength and microstructure of such joints are strongly dependent on the
thermal histories and the cooling rates in the fusion and the nearby unmelted
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constant in the porosity source 
terms 
magnetic flux density vector 
specific heat 
specific heat of liquid 
specific heat of solid 
morphological constant 
acceleration due to gravity 
heat transfer coefficient 
sensible heat component of 
enthalpy 
enthalpy 
current density vector 
thermal conductivity 
latent heat of fusion 
direction normal to a surface 
heat flux input 
total heat input 
radial distance from the center 
of the torch 
radius for current outflow distri- 
bution (at the electrode end) 
radius for heat input distribution 
source term in energy equation 
source terms in momentum 







ambient fluid temperature 
fluid velocity in x, y, and z 
direction, respectively 
velocity of torch 
Cartesian coordinate system in 
a reference frame moving with 
the torch 
Cartesian coordinate system in a 
stationary frame of reference 
volumetric expansion coefficient 
latent heat component of enthalpy 
porosity 
emissivity 
dynamic viscosity of the liquid 





rate of change of surface tension 
with temperature 
electric potential 
transport variables such as 
U, U ,  W, or T 
region during the processes. Fluid flow in the molten metal is known to have a 
considerable effect on these thermal histories and the solidification process. 
Welding parameters such as the power i~ipuit and the heat source speed must be 
carefully selected for e,ach application, in order to achieve the best joint. While 
empirical knowledge and experience have been historically employed for determin- 
ing these quantities for manual joining operations, the recent trend toward process 
automation has resulted in an increased interest in quantitatively relating the 
physics of the thermall'fluid processes within the weld pool and its vicinity to the 
welding parameters. 
The first detailed numerical study of vreld-pool flow and thermal transport 
during gas tungsten arc welding (GTAW), where an inert gas shielded, nonconsum- 
able tungsten electrode is used for generating an electric arc for material melting, 
is by Oreper and Szekely [I]. A stationary electrode created the weld pool, and 
axisymmetric conditions were assumed. The weld-pool convection was assumed to 
be driven by the combination of buoyancy, surface tension, and electromagnetic 
(Lorentz) forces. Mmwell's equations, under these conditions, along with the 
magnetohydrodynamic (MHD) assumption, allow a closed-form determination of 
the Lorentz force field in the form of an integral [2]. The computations revealed a 
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strong influence of the magnitude and sign, of the surface tension coefficient on the 
fluid flow and the pool size (and shape.. Ch~an et al. [3] carried out two-dimensional 
computations of stationary laser welding, where the electromagnetic forces are 
absent. 
Improvements in the computatiolnal technique and grid size refinements for 
stationary arc welding have been carried out [4-61. Correa and Sundell [4] used a 
modified procedure for the calculation of the Lorentz force. Ramanan and Korpela 
[5] emphasized the need for adequate spatial resolution in the weld pool and used 
a multigrid method to achieve this. Kanouff and Greif [6] used moving grids to 
track the phase chainge bouindary and also used an evaporation model at the free 
surface of the weld pool. 
Arc movement, which is part of most fusion-joining processes, introduces 
three-dimensionality in the weld-pool c;oilrrection. Such effects were first addressed 
by Kou and Wang 1171. Zacharia et al. [8] considered the same configuration but 
included a number of aldditional effects, such as the curvature of the weld-pool-free 
surface, a turbulence model, and the possibility of a filler material, used in 
13rocesses such as gas metal arc welding (GMAW). These studies include the same 
axisymmetric lo rent:^ force field as wais used in the stationary arc studies. As seen 
in Figure 1, in a realistic welding application, the current path from the anode 
(clamp) to the cathode (electrode) is actually nonaxisymmetric, due to the clamp 
location. Also, the electromagnetic field changes during the process, as the elec- 
trode moves with respect to the clamp. Calculations of these nonaxisymmetric 
Lorentz force fields, which are likely to have a strong influence on the weld-pool 
flow characteristics, are not available jn the literature. 
The present study is a three-dimensional numerical simulation of the moving 
arc, GTAW process over a rectangular plate. A new three-dimensional numerical 
procedure for the computation of the L,orentz force field for arbitrary relative 
]locations of the electrode and clamp is presented to treat the realistic situation of a 
moving torch. The clomputations of the flow and temperatures are then carried out 
iusing a fixed grid, primitive variable, finite volume methodology with an enthalpy- 
porosity approach [ 5 ) ]  to treat melting ancl solidification. Important considerations 
are discussed in applying this approach to the present problem, which involves a 
imoving heat source. In carrying out the computations, particular attention is paid 
to examining the effect of grid sizes and time steps on the computational results, 
areas often overlooked in previous studies. 
Clamp 
Tungsten 
(+) -7 / Electrode (-) 
Figure 1. Schematic sketch of the moving 
GTAW process. 
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MATHEMATICAL FORMULATION 
The Model 
Figure 1 shows a schematic diagram of the moving arc welding system. Part of 
the heat dissipated in the plasma arc heats the surface of the workpiece and leads 
to the formation of the molten pool. A significant portion of the energy from the 
arc is lost to the surroundings due to convection and radiation heat transfer and is 
not available for welding. Hence, a thermal model for arc welding must require 
characterization of the distribution of thermal energy input from the welding arc to 
the workpiece, along with an estimation for its net value. Usually, the energy input 
to the workpiece is assumed to be in the form of a Gaussian heat flux. This 
assumption is based on experimental evidence by several investigators such as 
Smartt et al. [lo]. Since, in the actual process, only the net power dissipation by the 
electrical source can be directly obtained from the measured voltage and current, 
the fraction of the total power dissipation that goes into the workpiece as heat 
input is usually specified through the parameter r),  the welding efficiency. Several 
investigators ( e g ,  [ll, 121) have measured the welding efficiency of the GTAW 
process, and the values typically range from 60% to 90%. The available heat input 
is related to the arc power through the following equation: 
where V represents the specified arc voltage and I,  represents the specified arc 
current. 
Once the heat input to the metal surface is specified as above, the remaining 
part of the computational model attempting to simulate the arc welding process 
would include the following: (1) governing equations with boundary and initial 
conditions for heat transfer and fluid flow in the molten pool and in the remaining 
workpiece, (2) a model for melting and solidification at the solid-liquid interface, 
and (3) governing equations with boundary conditions for the current flow through 
the workpiece, which would lead to the estimation of the electromagnetic force 
field inside the weld pool. 
Governing Equations for Heat Transfer and Fluid Flow 
The three-dimensional generalized governing transport equation in the weld 
pool and its surroundings in a stationary coordinate system ( x ' ,  y, z) is 
where @ is any dependent variable, r is a dummy variable, and S is a source term. 
We introduce the following coordinate transformation: 
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where LI, is the velocity of the welding torch and x ,  y ,  z  are the coordinates in a 
frame moving with the torch. Carrying out the above transformation in Eq. (2) and 
then rearranging, we obtain 
Substituting @ by the appropriate transport variables, the governing equations in 
the moving coordinate system become as follows. 
Continuity 
dp a d  a 
at + P U )  + - ( P I  dy + -( dz p w )  = 0 
Momentum 
Energy 
d  d T  d  d T  d  d T  
= -  k -  + -  k -  + -  k -  + S H  
d x (  d x )  d y (  d y )  d z (  d z i  
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Enthalpy-Porosity Formulation 
In this study, a single-domain enthalpy-porosity model [9] has been used for 
the phase change process. The source terms in the above momentum equations 
take the following form: 
where the first terms in each of the equations Eqs. (10)-(12) represent the porous 
medium model of the mushy region at the solid-liquid interface, and the (J x B) 
terms are the Lorentz force components in the respective directions. The liquid 
volume fraction E has a value of zero in the solid phase, 1 in the liquid phase, and 
between zero and 1 in the mushy zone. C ,  the morphological constant, is a number 
that is made sufficiently large (say, l o8 )  that the velocities in the momentum 
equations are driven to zero in the solid region. In the liquid phase, however, 
= 1 ,  and therefore C has no role to play. The constant b in the porosity source 
term is a small number (say, to prevent any division by zero in the solid 
region. 
The enthalpy H in the energy equation Eq. (9)  can be expressed as a sum of 
the sensible heat h, and the latent heat AH: 
where the sensible heat is given by 
and 
where TI is the liquidus temperature at which solid formation begins and T, is the 
temperature at which full solidification occurs. If the material is a pure metal, as, 
has been assumed in the present study, the phase change is isothermal (i.e., 
T, = T, = T,), and 
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For such a case, the mushy region is a purely numerical one, and it enables a 
smooth transition of variables and property values from the liquid to the solid 
region. 
With the assumption that the specific heat remains constant upon phase 
change, Eq. (9), together with Eqs. (13), (141, and (16), takes the following form: 
For an isothermal phase change, the last three terms in the above equation can be 
neglected. First, in the solid and liquid phases where A H  remains constant, Eq. 
(161, these terms vanish due to mass conservation. Also, at the phase change 
interface, where A H  varies from zero to L, the small magnitude of the velocities 
permits us to drop these terms. 
Equations for  t h e  Electromagnetic Force Field 
The electromagnetic force terms in Eqs. (10)-(12) can be obtained by solving 
a steady state version of Maxwell's equations in the domain of the workpiece. The 
flow of electric current is described by 
V - J = O  (18) 
By defining an electric potential, 4, by J  = -u V4, Eq. (18) can be written as 
where u is the electrical conductivity. The magnetic flux density B  is then obtained 
from 
V X B  = p o J  (20) 
where p,, is the magnetic permeability of the medium. Finally, the Lorentz force 
terms are obtained by evaluating the cross product J  X  B. It may, however, be 
noted here that the preceding formulation of the electromagnetic force assumes 
steady current flow and constant electrical conductivity. Also, following the argu- 
ment presented by Shercliff [13], the back electromotive forces caused by fluid 
motions have been neglected. 
Boundary Conditions 
In this study, neither the fluid flow nor the flow of electric current is assumed 
to be axially symmetric. Hence, boundary conditions may vary, depending on the 
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location of the torch as well as that of the clamp (anode). In general, however, the 
boundary conditions for the flow variables (u, u,  w,  T), with reference to the 
workpiece, are as follows. 
Top surface 
for Gaussian heat flux input, radiative, and convective heat loss, 
u = o  
for a flat surface condition, and 
for surface tension. 
Sides 
for convective heat loss. 
Bottom 
for insulated conditions. 
Solid/liquid interface 
In Eq. (21) the heat flux input, qU(r), is assumed to have a Gaussian distribution on 
the top surface of the workpiece: 
where Q is the total heat input into the workpiece and r, is the radius for the heat 
input distribution. In  Eq. (241, n is the direction normal to a surface. 
The boundary conditions for current flow, again, depend on the locations of 
the electrode (cathode) and of the clamp (anode). In general, there would be a 
Gaussian distribution of current outflow at the top surface, with all other surfaces 
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being electrically insulated except for the location of the clamp. At the top surface, 
the incident plasma arc causes a normal current flow with a current density profile 
assumed to be of the form 
I 
J,(r) = - exp 
T r,? 
where n is the direction normal to the top surface and rj is the radius for current 
outflow. The condition at the clamp is such that, for a steady current flow, the total 
current outflow at the top surface is equal to the total current inflow at the clamp. 
NUMERICAL PROCEDURE 
With the assumption that the electric current flow through the workpiece is 
steady and that there is no coupling between fluid flow and electric current, Eqs. 
(18)-(20) are solved numerically, a priori, to calculate the Lorentz force field. The 
calculated Lorentz force field is then used as the body force distribution in the 
momentum equations Eqs. (6148). The coupled continuity, momentum, and energy 
equations are then solved numerically using a fully implicit finite volume technique 
(SIMPLER algorithm [14]). In the numerical solution of the energy equation, the 
latent heat content of each control volume is updated using the temperature field 
predicted from the energy equation after each iteration. The method followed here 
for the phase change calculations is described elaborately by Brent et al. [9]. 
Lorentz Force Field Calculation 
In the moving coordinate system, the torch location is fixed with respect to 
the coordinate frame; hence the clamp is moved from left to right in order to 
simulate a torch movement from right to left. To solve Maxwell's equations, we 
begin with the solution of the Laplace equation Eq. (19) for the electric potential 
field 4. With the rectangular steel plate as our computational domain, the 
boundaly condition for 4 is specified as zero normal gradient at each of the walls, 
except at the torch (cathode) location and the clamp (anode). This is equivalent to 
saying that the current does not cross the domain boundary except at the top 
surface (torch location) and at the clamp. At the top surface the gradient of 4 is 
obtained using J = -a V4, where J is given by the Gaussian distribution of 
current outflow to the torch, Eq. (28). The numerical solution is obtained using a 
control volume based finite difference method. Once the 4 field is obtained, the 
current density distribution J is calculated at each grid location using J = -a V4. 
Note that, at each grid location, J will have three components, namely, J,, J,, and 
J, in the direction x,  y, and z ,  respectively. 
To obtain the magnetic flux density B explicitly from Eq. (20) is not conve- 
nient. Alternatively, the B field is obtained by numerically integrating the following 
equation: 
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The above equation is a consequence of Biot-Savart law, e.g. [15], as applied to a 
conductor. B(r) represents the magnetic flux density at a particular location r from 
the origin, and the vector r' is the position vector of any other location from the 
origin. The numerical integration of Eq. (29) for each grid point gives us the 
magnetic flux density field in the domain of the workpiece. The Lorentz force field 
is now readily obtained by performing the cross product J x B. 
Choice of Grid Size, Time Steps, and Convergence Criteria 
In arc welding modeling, the presence of an intense heat flux at the torch 
leads to large temperature gradients in the workpiece near the torch location. This 
also induces rapid melting of the metal (typically in less than a second) just after 
thc arc is struck. As a result, choice of grid size and distribution along with time 
steps for computation are of utmost importance for accurate prediction of heat 
transfer and fluid flow in the weld pool. 
At the top surface of the weld pool, surface tension forces caused by 
tcmperature gradients are balanced by viscous shear forces according to Eq. (23). 
A scale analysis is performed with respect to a stationary weld pool in order to 
estimate the thickness of the viscous boundary layer created by the surface tension 
driven flow. Equation (23) can be approximated as follows: 
where 6, is the viscous boundary layer due to surface tension drive flow, Us is the 
velocity scale at the surface of the pool, and AT/R is the temperature gradient 
scale, with R being the radius of the pool and AT being the temperature 
difference between the centerline temperature at the weld-pool surface and the 
melting temperature. In a typical weld pool generated using parameters as in Table 
I, the temperature drops from about 2000°C (centerline temperature) to about 
1500°C (melting temperature) at the edge of the pool having a radius of about 
5 mm. The surface velocity Us is usually of the order of 50 cm/s. Substituting 
these values in Eq. (30) gives us an estimate of 6, to be of the order of 0.5 mm. 
Hence, in the vertical direction, a grid size of 0.1 mm is chosen near the top surface 
in order to provide sufficient resolution to capture the flow details inside the 
surfacc tension driven boundary layer. Below this boundary layer, the grid size is 
0.25 mm in the vertical direction up to the bottom of the pool. Below the pool, in 
the solid region, a coarser, nonuniform grid system is used. 
In the horizontal planes, various grid sizes are tried, ranging from coarse 
(0.5 X 0.5 mm) to fine (0.2 X 0.2 mm). It is found that a grid size of 0.3 X 0.3 mm 
is optimum for the parameters used in this study because a finer grid system k n o t  
found to alter the results appreciably. Outside the weld pool, in the solid region, a 
nonuniform grid system is used. Overall, a 43 X 41 X 25 grid system is used to 
discretize a workpiece having dimensions 3.5 x 3.0 x 1.0 cm. 
The time steps for computations are varied according to the stages of the 
melting process. During the conduction phase, large time steps (about 0.2 s) may be 
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Table 1. Data used in computations 
Parameter Value 
Density p,  kg/m3 
Viscosity y,  kg/(m s) 
Thermal conductivity k ,  W/(m K) 
Specific heat c, J/(kg K) 
Volumetric expansion coefficient p ,  K-' 
Surface tension coefficient us, N/(m K) 
Current input, A 
Voltage. V 
Welding thermal efficiency 
Radius for heat input distribution r,, m 
Radius for current density distribution rj,  m 
Melting point T,, "C 
Latent heat of fusion L, J/kg 
Length of workpiece, m 
Width of workpiece, m 
Thickness of workpiece, m 
allowed until melting begins (typically after 0.5 s). Once melting starts, the 
high-temperature gradients in the pool set up a strong Marangoni convection, 
leading to high fluid velocities, O(30 cm/s) within a very short time. Hence, time 
steps during the initial stages of pool development are chosen to be very small 
(about 0.02 s). Also, the relaxation factor for updating the enthalpy source term 
must be kept low (about 0.1) to prevent numerical oscillations. 
The temperature and velocity values at each cell are checked after each 
iteration to verify convergence within a time step. Convergence is declared after 
the following conditions are satisfied at each grid point: 
where $J stands for each variable u ,  u,  w ,  and T at a grid point at the current 
iteration level, 4,,, represents the value at the previous iteration level, and &,, is 
the maximum value of the variable at that iteration level in the entire domain. In 
addition, an overall energy balance is performed during each time step, and 
iterations are carried out until the absolute value of the energy balance is within 
0.1% of the total stored energy within the workpiece. During the initial melting 
stage, the program requires, on an average, about 30 iterations for convergence 
within a single time step. With a 43 X 41 X 25 grid, each iteration takes about 15 s 
on a DEC Alpha workstation. Time steps may be increased after the pool is 
sufficiently developed. 
RESULTS AND DISCUSSION 
The numerical model described above was first validated against existing 
studies on melting in a two-dimensional geometry. In order to simulate such 
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conditions with the present three-dimensional code, a relatively large dimension in 
the z direction (more than 20 times that in the other two directions) was chosen, 
with adiabatic and shear free conditions imposed at z = 0 and L.  A 40 x 30 x 5 
(in the z direction) grid distribution was used in these computations, along with a 
time step of 1 s. The results at z = L / 2  were used for the comparisons. Following 
the validations described next, the model was used to simulate the nonaxisymmet- 
ric three-dimensional GTAW process. 
Comparisons with Existing Studies on Melting 
The configuration examined (Figure 2) is a rectangular enclosure filled with 
pure gallium, a phase change material with a single melting point. The melting is 
initiated by raising the temperature of one vertical boundary above the melting 
temperature, while maintaining the opposite vertical boundary at its initial temper- 
ature. All other boundaries are maintained adiabatic. Two-dimensional numerical 
computations for this configuration using the fixed grid enthalpy-porosity tech- 
Brent e l  01. (1988) Present rhldy 
Figure 2. Comparison of present results with those of 
Brent el al. 191: ( a )  boundary conditions on a block of pure 
gallium; ( 6 )  stream function and ( d l  temperature contours 
after 19 min for the two-dimensional melting of gallium 191; 
( c )  velocity vectors and ( d )  temperature contours after 19 
min at section s-s shown in Figure 2(a). 
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6 min lOmin 17 min 
Figure 3. Comparison of melt fronts at various times for the case 
of melting of pure gallium. For the cases of Gau and Viskanta and 
Brent et al., the melt front points plotted are obtained from their 
respective curve fits. 
0.02 - 
nique were carried out by Brent et al. [9]. An experimental study of the same 
configuration was conducted by Gau and Viskanta [16]. 
Figures 2 and 3 show the results of these validations. Comparison with the 
numerical results of Brent et al. 1191, presented in Figure 2, is in the form of the 
flow and temperature fields 19 min after the start of the transient. The qualitative 
and quantitative agreement between the present computations and those by Brent 
et al. [9] is clearly evident. More detailed quantitative comparisons between the two 
studies would require numerical values of field variables at selected locations, 
which were not available for the latter study. 
Since the fixed grid methodology provides only approximate locations of the 
solid-liquid interface, it was important to assess its applicability to the selected 
validation example. The location of the solid-liquid interface predicted from the 
present computations is compared with the numerical predictions of Brent et al. [9] 
and the experiments of Gau and Viskanta [I61 in Figure 3. The two sets of 
numerical predictions are generally quite close, as expected. These trends also 
agree with the measurements. The largest deviations of about 15% from the 
experiments appear at 6 min. Effects of modeling assumptions, such as the 
numerical mushy zone, are likely to be largest during the early stages of melting. 
At 10 and 17 min, the agreement between predictions and experiments is within 
about 10%. 
, J , 
.I D, ,d . 
I . 
I ,  m ,  m. , " / =  . I ,I , 
m I 
I Gau and Viskanw (1986) 
I '  I (experimental) ./. .I a, Brenteta1.(1988) 
Effect of Nonaxisymmetric Clamp Location 
Previous models of the GTAW process assume a symmetric flow of current 
around the electrode, resulting in an axisymmetric distribution of the Lorentz force 
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field. In realistic arc welding operations, the workpiece is usually clamped at an 
edge or at a corner. In such a situation, the current through the workpiece will 
have a preferred direction of flow and, therefore, will no longer be symmetric. 
Also, when the torch moves, its position with respect to the stationary clamp 
changes, resulting in a continuous change of current distribution inside the 
workpiece. This problem, in the realistic form, has not been addressed by previous 
researchers. In the present model, a torch movement from right to left has been 
simulated by a clamp movement from left to right with the same velocity. It is also 
Figure 4. Current and electromagnetic force distribution for an asymmetric case in which the torch 
is near the center of the top surface of the workpiece and the clamp is at an edge: ( a )  Current 
density distribution viewed from the top of the workpiece; ( b  and c )  current density Lorentz force 
distributions, zoomed in the region inside and in the vicinity of the weld pool (top view), respectively; 
(d  and e )  sectional views of Figures 46 and 4c in the x-y plane passing through the torch. All 
dimensions are in millimeters. 
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Figure 5. Velocity and temperature fields for a combined buoyancy and 
electromagnetically driven flow with a nonaxisymmetric current distribution after 
3 s of stationary welding. The corresponding current density distribution is shown 
in Figure 4. (a and b )  Top views of the flow and temperature fields, respectively; 
(C and d )  sectional views of the flow and temperature fields, respectively. All 
dimensions shown are in millimeters, velocities are in m/s, and temperatures are 
in degrees Celsius. 
assumed that the thermal boundary conditions do not change with time, since the 
pool is always assumed to be sufficiently far away from the edges of the workpiece. 
Numerical studies have been made to bring out the effects of clamp location 
on weld-pool development during a moving arc welding operation. Computations 
were first made for convection in the weld pool with zero surface tension coeffi- 
cient in order to look for any possible effects of nonsymmetric electric current flow 
in the workpiece. Computations are performed with data as given in Table 1. 
Figure 4 shows the current density and electromagnetic force distributions with the 
clamp located near the left corner of the workpiece. The nonsymmetry in the 
current density distribution in Figure 4a is most evident near the clamp. A 
magnified view of the current distribution near the torch in Figure 46 is nearly 
axisymmetric about the torch. However, the corresponding Lorentz force field in 
Figure 4c  shows a pronounced asymmetry. The tendency for a counterclockwise 
rotation is clearly evident. The sectional views of the current and Lorentz force 
fields in Figures 4d and 4e, respectively, are almost symmetric about the torch. 
They display trends reported in earlier studies on GTAW under the influence of 
electromagnetic forces. Based on Figure 4, it can be concluded that edge clamping 
creates a tendency for rotation about the torch, whose effects are most pronounced 
near the surface. 
The tendency for rotation produced by the nonaxisymmetric Lorentz force is 
confirmed in Figure 5, which shows the velocity and temperature distributions after 
3 s of stationary welding. Figure 5 shows a strong counterclockwise circulation, 
which was never seen before with axially symmetric formulations, and which 
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Figure 6. Velocity and temperature fields for a combined buoyancy and 
electromagnetically driven flow with a nonaxisymmetric current distribution 
after 4 s of welding. (The torch started moving at 4 mm/s after 3 s of 
stationary welding): ( a )  Top view of current density distribution; ( b  and c )  
top views of the flow and temperature fields, respectively; ( d  and e) 
sectional views of the flow and temperature fields, respectively. All 
dimensions shown are in millimeters, velocities are in m/s, and tempera- 
tures are in degrees Celsius. 
predicts a radially inward flow. In the cross section (Figure 5c)  a bicellular pattern 
is seen, with the left counterclockwise cell considerably stronger than the other. In 
an axisymmetric formulation, the two counterrotating cells are of equal strength. 
The temperature patterns in Figures 56 and 5d are largely symmetric about the 
torch, except near the workpiece edges. 
Next, the torch (or equivalently, the clamp) is made to move linearly with a 
velocity of 4 mm/s. The current density distribution after 1 s of torch motion is 
seen in Figure 6a. Some effects of nonaxisymmetry are apparent even near the 
torch center. The corresponding flow and temperature patterns are seen in Figures 
66-6e. The flow pattern in the cross section in Figure 6 d  shows an established 
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single cell, while the counterclockwise surface flow is maintained in Figure 66. The 
temperature patterns in Figures 6c  and 6 e  show the characteristic elongation of 
isotherms behind the torch and their compression ahead. After 3 s more, the clamp 
position is on the right side of the torch, and the direction of the fluid circulation 
reverses (Figure 7). This clearly demonstrates that the direction of circulation is 
dependent on the relative location of the clamp with respect to the torch. A similar 
circulation was observed experimentally by Woods and Milner [17] in a molten 
copper pool with a similar location of the anode. 
When we used a coefficient of constant surface tension based on data in the 
literature, the effects of nonsymmetry are partially masked due to the larger 
Figure 7. Velocily and temperature fields for a combined buoyancy and 
electromagnetically driven flow with a nonaxisymmetric current distribution 
after 7 s of welding. ( m e  torch started moving at  4 mm/s after 3 s of 
stationary welding): (a)  Top view of current density distribution; ( b  and c )  
top views of the flow and temperature fields, respectively; ( d  and e )  
sectional views of the flow and temperature fields, respectively. All 
dimensions shown are in millimeters, velocities are in m/s, and tempera- 
tures are in degrees Celsius. 
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magnitude of the surface tension forces (Figure S), although some degree of 
asymmetry persists. However, it may be noted that the surface tension effect is not 
clearly understood yet, as it depends on several factors. In a recent report by Sahoo 
et al. [IS], the surface tension coefficient is found to vary with temperature and 
concentrations of each of the various surface-active elements such as sulfur, 
oxygen, and manganese. Since a given sample of steel usually has several of these 
surface-active elements, it becomes difficult to determine the overall dependence 
of the surface tension coefficient on temperature. Such variations would result in 
regions in the weld pool where the coefficient is small or zero, where the 
three-dimensional effects of nonsymmetric electromagnetic force, investigated in 
this study, may become dominant. 
CONCLUSIONS 
Numerical studies on GTAW weld-pool convection have been performed 
using realistic three-dimensional boundary conditions. The enthalpy-porosity model 
for melting and solidification, found in the literature, proves to be an effective 
method in solving welding problems involving a powerful heat source and rapid 
melting, provided necessary adjustments are made with regard to time steps and 
relaxation factors. 
Figurc. 8. Velocity and temperature fields for a combined buoyancy, surface 
tension, and electromagnetically driven flow with a nonaxisymmetric current 
distribution after 7 s of welding. (The torch started moving at 4 mm/s after 3 s 
of stationary welding: ( a  and b )  Top views of flow and temperature fields, 
respectively; ( c  and d )  sectional views of the flow and temperature fields, 
respectively. The current density distribution is shown in Figure 7a. All 
dimensions shown are in millimeters, velocities are in m/s, and temperatures 
are in degrees Celsius. 
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The numerical method presented in this report for determination of the 
electromagnetic force distribution is found to  be useful for analyzing moving arc 
welding operations. The previous analytical methods found in the literature with 
axisymmetric body force assumption are not applicable when the torch is moving. 
The  movement of the torch is found to  alter the current field continuously. The 
resulting weld-pool dynamics is found to  be sensitive to the location of the torch 
with respect to  the clamp. A strong circulating flow is observed in the pool, the 
direction of which is dependent on the relative location of the clamp with respect 
to  the torch. These three-dimensional effects can change the weld-pool shape and 
size considerably. I t  may, therefore, be recommended, following the present 
findings, to  use a three-8imensional model for future weld-pool convection simula- 
tion. 
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